Objective-Lipids are central to the development of atherosclerotic plaques. Specifically, which lipids are culprits remains controversial, and promising targets have failed in clinical studies. Sphingolipids are bioactive lipids present in atherosclerotic plaques, and they have been suggested to have both proatherogenic and antiatherogenic. However, the biological effects of these lipids remain unknown in the human atherosclerotic plaque. The aim of this study was to assess plaque levels of sphingolipids and investigate their potential association with and contribution to plaque vulnerability. Approach and Results-Glucosylceramide, lactosylceramide, ceramide, dihydroceramide, sphingomyelin, and sphingosine-1-phosphate were analyzed in homogenates from 200 human carotid plaques using mass spectrometry. Inflammatory activity was determined by analyzing plaque levels of cytokines and plaque histology. Caspase-3 was analyzed by ELISA technique. Expression of regulatory enzymes was analyzed with RNA sequencing. Human coronary artery smooth muscle cells were used to analyze the potential role of the 6 sphingolipids as inducers of plaque inflammation and cellular apoptosis in vitro. All sphingolipids were increased in plaques associated with symptoms and correlated with inflammatory cytokines. All sphingolipids, except sphingosine-1-phosphate, also correlated with histological markers of plaque instability. Lactosylceramide, ceramide, sphingomyelin, and sphingosine-1-phosphate correlated with caspase-3 activity. In vitro experiments revealed that glucosylceramide, lactosylceramide, and ceramide induced cellular apoptosis. All analyzed sphingolipids induced an inflammatory response in human coronary artery smooth muscle cells.
O xidized low-density lipoproteins (ox-LDLs) generated through oxidative modification of LDL trapped in the vessel wall are an important contributor to the atherosclerotic process.
Besides LDL, several other groups of lipids, such a sphingolipids, have been shown to have potent biological effects in the atherosclerotic process. Ceramides are a group of sphingolipids generated from hydrolysis of sphingomyelin by sphingomyelinases, neutral sphingomyelinases, and acidic sphingomyelinases (A-SMase). Ox-LDL increases the production of ceramides through activation of sphingomyelinases. 1, 2 The sphingomyelinase-dependent hydrolysis of LDL-sphingomyelin has been proposed as a potential pathway for ceramide accumulation in atherosclerotic plaques. 2 Glycosphingolipids, such as glucosylceramide and lactosylceramide, generated from ceramides ( Figure 1 ), have also been found in high concentrations in human atherosclerotic plaques compared with healthy vascular tissue. 3, 4 Both lactosylceramide and ceramide have been shown to be involved in cell apoptosis through the action of neutral sphingomyelinase, [5] [6] [7] but lactosylceramide has also been suggested to contribute to plaque formation by stimulating cell proliferation in human aortic smooth muscle cells. 8 Glucosylceramide, lactosylceramide, and ceramide have also been suggested to have proinflammatory properties. Accumulation of ceramides induces a systemic inflammatory response, and lactosylceramide upregulates adhesion molecules on vascular endothelial cells and activates neutrophils, thereby possibly contributing to plaque inflammation. [9] [10] [11] [12] [13] Furthermore, a study by Bietrix et al 14 suggested glucosylceramide synthesis as a possible therapeutic target for inhibiting the atherosclerotic process in mice. By inhibiting glucosylceramide synthase, the inflammatory gene expression was downregulated and the atherosclerotic plaque formation decreased.
Although sphingolipids levels have been shown to be higher in atherosclerotic plaques compared with the normal artery, it remains unknown whether there is a difference in the levels of sphingolipids between plaques associated with symptoms and plaques not associated with symptoms. It also remains unknown whether these lipids contribute to plaque progression and vulnerability.
The aim of this study was to assess plaque content of the different sphingolipids glucosylceramide, lactosylceramide, ceramide, dihydroceramide, sphingomyelin, and sphingosine-1-phosphate (S1P) and to investigate their association and role in plaque inflammation and vulnerability.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results
To elucidate whether the amount of specific lipids in human atherosclerotic plaques is associated with a plaque phenotype prone to cause symptoms, 200 carotid plaques from the Carotid Plaque Imaging Project were analyzed. Clinical characteristics of the cohort are summarized in Table 1 and further described in the Materials and Methods section in the online-only Data Supplement. Lipids were analyzed using mass spectrometry. Glucosylceramide, lactosylceramide, ceramide, dihydroceramide, sphingomyelin, and S1P are presented as a total content of all measured subspecies (different chain lengths are presented in Table I in the online-only Data Supplement).
Increased Sphingolipids in Symptomatic Patients
Glucosylceramide, lactosylceramide, ceramide, dihydroceramide, sphingomyelin, and S1P were all significantly increased in plaques associated with symptoms compared with plaques from asymptomatic patients (264. Figure 2A -2F). These differences in sphingolipids in symptomatic compared with asymptomatic plaques remained significant even after adjusting for the use of statins and the presence of diabetes mellitus type 2.
Sphingolipid and Plaque Composition
Glucosylceramide, lactosylceramide, and dihydroceramide correlated with plaque content of macrophages (CD68), as well as with lipids (oil red O; Table 2 ). Sphingomyelin and ceramide were also found to be positively correlated with plaque levels of lipids ( 
Sphingolipids and Inflammation
As markers of plaque inflammation, besides assessing macrophages, inflammatory cytokines and chemokines were measured. Glucosylceramide, lactosylceramide, dihydroceramide, and sphingomyelin correlated with plaque content of the proinflammatory cytokines monocyte chemoattractant protein-1, interleukin-6 (IL-6), and macrophage inflammatory protein-1β (MIP-1β; Table 3 ). Ceramide correlated with IL-6 and MCP-1 but not MIP-1β. S1P correlated with tumor necrosis factor-α (TNF-α) and regulated on activation, normal T cell expressed and secreted (RANTES). When grouping plaques into symptomatic and asymptomatic, the same patterns of associations were found although the majority did not reach level of significance (Table IIA and IIB in the online-only Data Supplement). None of the analyzed sphingolipids were found to correlate with the anti-inflammatory cytokine IL-10, whereas a correlation between S1P and the growth factor platelet-derived growth factor was found (r=0.298; P<0.001).
Activation of Inflammation In Vitro
The association found between sphingolipids and inflammatory cytokines suggest a proinflammatory role of sphingolipids within the plaque. To investigate how sphingolipids affect cytokine release, human coronary artery smooth muscle cells (HCASMCs) were incubated with glucosylceramide, lactosylceramide, ceramide, dihydroceramide, sphingomyelin, and S1P at 4 different concentrations (0.01, 0.1, 1, and 10 µmol/L) for 24 hours, and the effect on IL-6 release into the media was assessed. All sphingolipids were found to induce a significant release of IL-6 from HCASMCs compared with control cells ( Figure 3A ). For S1P, we could see an effect on IL-6 release only at concentrations above 1 µmol/L, which may not be clinical relevant considering the generally low concentrations of S1P in plaque tissue ( Table 4 ). In an additional experiment, we investigated the effect of lactosylceramide and glucosylceramide on the release of the other cytokines found to be significantly associated with the sphingolipids in the plaque homogenates. In this experiment, glucosylceramide was found to induce the release of MCP-1, MIP-1β, RANTES, and TNF-α from HCASMCs ( Figure 3B -3E). None of the sphingolipids showed an effect in vitro on macrophage IL-6 release (data not shown).
Sphingolipids Induce Apoptosis and Cell Death in HCASMCs
In plaque tissue, the effector caspase, caspase-3, activity was analyzed as a marker of cellular apoptosis. Lactosylceramide, ceramide, dihydroceramide, sphingomyelin, and S1P were all positively associated with plaque levels of caspase-3 (r=0.225, P=0.001; r=0.213, P=0.002; r=0.32, P<0.001; r=0.164, P=0.021; and r=0.199, P=0.005, respectively). An association between caspase-3 levels and glucosylceramide (r=0.133; P=0.06) was also found, but it did not reach statistical significance.
As inverse associations were found between sphingolipids and VSMCs, as well as positive associations between sphingolipids and caspase-3 in plaque tissue, we further aimed to investigate how sphingolipids affect cell viability of stabilizing cells within the plaque. HCASMCs were subjected to increasing concentrations of sphingolipids, and the effect on apoptosis was analyzed after 48 hours (Figure 4 ). At 0.1 µmol/L, a low concentration compared with median concentrations present in the plaque (Table 4) , cell viability was not affected. At concentrations of 1 and 10 µmol/L glucosylceramide, lactosylceramide, and ceramide were found to induce apoptosis in HCASMCs ( Figure 4A ), whereas no effects were seen for dihydroceramide, sphingomyelin, and S1P.
At high concentrations (10 µmol/L), glucosylceramide, lactosylceramide, and ceramide were found to induce cellular necrosis as measured by lactate dehydrogenase ( Figure 4B ).
Sphingomyelinase Localization and Expression
A-SMase localization was determined histologically ( Figure 5A and 5B). The methods available for SMase analysis in plaque tissue are limited, and further functional analysis was not performed. However, according to histological comparisons, a colocalization was shown between A-SMase, macrophages, and lipids, strengthening the hypothesis that sphingolipid metabolism is a contributing factor in atherosclerotic inflammation.
Gene Expression of Enzymes in Sphingolipid Pathways
No difference in gene expression was observed in plaque RNAseq data for enzymes involved in sphingolipid and glycosphingolipid pathways when plaques from asymptomatic patients were compared with plaques from patients with a recent cerebrovascular event (n=8 versus n=8; Table III in the online-only Data Supplement).
Sphingolipids and Clinical Characteristics
Ceramide levels in plaques were significantly increased in plaques from diabetics compared with nondiabetics (121 [IQR 88-162.9] versus 98.5 [IQR 68.7-144.8]; P=0.029). Glucosylceramide, sphingomyelin, and S1P correlated with plasma levels of LDL (r=0.196, P<0.01; r=0.222, P<0.005; and r=0.155, P<0.05, respectively). Ceramide, dihydroceramide, and lactosylceramide also correlated with age (r=0.304, P<0.001; r=0.26, P<0.001; and r=0.196, P<0.01, respectively). No differences in sphingolipid levels were found when comparing patients with or without statin treatment. 
Discussion
Recent data highlighted sphingolipids as potential therapeutic targets in the atherosclerotic process. Sphingolipids are increased in human plaque tissue, and in vitro studies have shown possible effects of these lipids on the atherosclerotic process. However, no studies have studied their association to atherosclerotic plaque phenotype and their potential role as proinflammatory mediators in human atherosclerosis.
Sphingolipids and Plaques Associated With Symptoms
All 6 analyzed sphingolipids were increased in plaque tissue associated with symptoms, suggesting a possible relationship between these sphingolipids and plaque vulnerability. Glucosylceramide and lactosylceramide have in previous studies been shown to be increased in human atherosclerotic plaques, 3, 4 but differences between symptomatic and asymptomatic plaques have not previously been studied. However, the increased levels of sphingolipids observed in the symptomatic plaques do not tell us whether sphingolipids contribute to plaque instability or whether they result from increased inflammatory activity after the event of a plaque rupture.
Sphingolipids and Atherosclerotic Plaque Inflammation
To assess plaque inflammation, the content of macrophages in plaques was determined histologically, and plaque content of cytokines was measured in plaque homogenates. Glucosylceramide, lactosylceramide, and dihydroceramide correlated with plaque content of macrophages. The positive association between glucosylceramide and macrophages may be explained by the fact that glucosylceramide levels are high in human plaque monocytes as shown by Chatterjee et al. 4 Accordingly, it has been shown that ox-LDL increases macrophage lactosylceramide synthesis, 15 but the association with lactosylceramide and macrophages may also be the effect of enhanced macrophage migration because of lactosylceramidedependent induction of adhesion molecule expression on monocytes and endothelial cells. 13 Because histological measurement of macrophages on cryosections from the 1-mm thick fragments of the most stenotic region of a plaque is a blunt, limited way to study inflammation, we also evaluated cytokine levels in the majority of the plaque tissue. This provided a more complete characterization of the inflammatory activity within the plaque and showed that all analyzed sphingolipids, with the exception of S1P, correlated with several proinflammatory cytokines and in general most strongly to MCP-1, MIP-1β, and IL-6. Yet, S1P correlated positively with the proinflammatory cytokines RANTES and TNF-α.
Sphingolipids, Neutral Lipids, and Ox-LDL
To further evaluate the association of sphingolipids and plaque instability, the content of neutral lipids (oil red O) and ox-LDL were measured histologically. The vulnerable plaque is known to be rich in ox-LDL. 16 Ox-LDL increases matrix metalloproteinase-2 activity, an enzyme that is highly present in plaques and activates neutral sphingomyelinase in human aortic smooth muscle cells, which in turn activates the sphingomyelin/ceramide pathway resulting in enhanced sphingomyelin hydrolysis into ceramide and eventually S1P. 17 However, in this study, ceramide correlated with plaque content of ox-LDL, LDL, and sphingomyelin (r=0.836; P<0.001). Additional analyses to evaluate plaque A-SMase were performed, but beyond the location of the enzyme, we were not able to distinguish differences in enzyme activity.
Studies by Chatterjee et al 18, 19 have also shown that the biosynthesis of lactosylceramide from glucosylceramide is regulated by LDL and ox-LDL levels. Higher levels of LDL suppress lactosylceramide synthase, an enzyme promoting synthesis of more complex glycosphingolipids from glucosylceramide (Figure 1) , which thereby inhibits synthesis of lactosylceramide from glucosylceramide.
Both lactosylceramide and glucosylceramide correlated with plaque content of lipids in the present study. Despite not reaching significance (P=0.06), a tendency was found between plaque content of ox-LDL and lactosylceramide, fitting with the idea of ox-LDL promoting lactosylceramide formation.
Sphingolipids as Possible Inducers of Inflammation In Vitro
To investigate whether the measured sphingolipids induced an inflammatory response in vitro, HCASMCs were incubated with the different sphingolipids in increasing concentrations. All 6 sphingolipids induced a significant release of IL-6 from HCASMCs in high concentration (10 µmol/L), consistent with the correlations found in plaque homogenates. Glucosylceramide, lactosylceramide, dihydroceramide, sphingomyelin, and S1P were also shown to induce IL-6 release already at concentrations of 1 µmol/L. Additional experiment also confirmed that glucosylceramide induced a significant release of MIP-1β, TNF-α, MCP-1, and RANTES from HCASMCs. Interestingly, glucosylceramide induced the release of these cytokines even at relatively low concentrations when compared with the median plaque concentrations of glucosylceramide.
Few studies have investigated the associations between ceramide, glycosphingolipids, and atherosclerotic plaque inflammation. However, some evidence supports the associations found in this study. Accordingly, the levels of MCP-1, a strong inducer of monocyte migration, has been shown to be increased in mouse models accumulating ceramide. 9 Furthermore, Bietrix et al 14 showed that inhibition of glucosylceramide synthase decreased TNF-α and MCP-1 mRNA expression. The hypothesis of glucosylceramide as an inducer of TNF-α and MCP-1 expression/release is supported by our findings. Glucosylceramide correlated with both TNF-α and MCP-1 in plaque homogenates and induced a release of these cytokines in vitro.
Although sphingolipids were only shown to induce an inflammatory response in HCASMCs and not in human macrophages, this does not rule out their potential contribution to atherosclerotic plaque inflammation. According to the present ex vivo and in vitro findings, sphingolipids do seem to play an important role in atherosclerotic inflammation. As the VSMCs are located in the media or in the cap near the endothelium and the arterial lumen, the release of cytokines from these cells would induce an inflammatory activated state in the endothelium and stimulate inflammatory cell migration. This suggests that sphingolipids may contribute to an early inflammatory response and attract inflammatory cells to the site of atherosclerotic plaque development rather than activating monocytes and macrophages within the atherosclerotic tissue.
Apoptosis of VSMCs Is Induced by Sphingolipids
VSMCs are important for maintaining plaque stability. 20 The loss of stabilizing VSMC is one of the important features of the vulnerable plaque leading to a thin protective cap and risk for developing a subsequent plaque rupture. [21] [22] [23] [24] Whether ceramide and lactosylceramide can be considered as inducers of apoptosis is controversial. As mentioned, lactosylceramide has been shown to induce proliferation in human aortic smooth muscle cells; conversely, there is also evidence for lactosylceramide and ceramide as mediators of SMase-induced apoptosis in human osteosarcoma cell lines and endothelial cells. [5] [6] [7] According to our results, ceramide and lactosylceramide were negatively associated with plaque content of VSMCs. These findings were further supported by the positive correlation found between ceramide, lactosylceramide, and plaque levels of caspase-3. Although a tendency toward increased plaque levels of glucosylceramide and caspase-3 levels was found, the association did not reach statistical significance.
To evaluate the effect on apoptosis, HCASMCs were incubated with the different sphingolipids in increasing concentrations. At concentrations of 1 and 10 µmol/L, glucosylceramide, lactosylceramide, and ceramide were shown to induce apoptosis, whereas only concentrations of 10 µmol/L induce cellular necrosis.
The levels of sphingolipids needed for inducing apoptosis in vitro are generally higher than the median levels of sphingolipids in the plaque tissue. However, it is difficult to compare concentrations in plaque tissue and in cell culture medium. 
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Considering the median levels of glucosylceramide, lactosylceramide, and ceramide (0.25, 0.12, and 0.11 µmol/g wet weight plaque, respectively) and the concentrations needed to induce cellular apoptosis and IL-6 release (1-10µmol/L), it cannot be excluded that the used concentrations are of biological relevance. Furthermore, knowing that the atherosclerotic plaque is a heterogeneous tissue, it is likely that the levels of sphingolipids will differ in different locations within the tissue, and local concentrations of sphingolipids may be several times higher than the median homogenate levels at some locations.
S1P Does Not Associate With Plaque Inflammation or Vulnerability
In contrast to the other investigated sphingolipids, S1P has been suggested to have antiatherogenic as opposed proatherogenic properties. 25 In plaque tissues, S1P did not correlate with either histological markers of plaque vulnerability or inflammation. When analyzing plaque cytokine levels, S1P was significantly correlated with TNF-α and RANTES. However, S1P failed to induce an inflammatory cytokine release from HCASMCs in vitro. Only at a high concentration (1 and 10 µmol/L), in comparison to median plaque levels (3.1×10 −4 µmol/g), was an increase in IL-6 release detected, suggesting that the effect on IL-6 release is not biologically relevant in vivo. Interestingly, S1P was the only sphingolipid that was positively associated with the growth factor PDGF in the plaque tissue. PDGF stimulated VSMC growth and collagen production and is generally considered to contribute to a stable plaque phenotype. PDGF may also stimulate S1P production by activating sphingosine kinase leading to increased S1P levels. 26 S1P was unexpectedly found to correlate with caspase-3 levels. On the contrary, S1P did not induce HCASMC apoptosis in the in vitro experiments, not even at high concentrations. It has been suggested that an imbalance in ceramide/S1P levels could differentiate between cellular apoptosis and survival. 27 Considering the median ceramide/S1P ratio (109/0.31 nmol/g), this could be a possible explanation. However, it could be argued that this theory should show an inverse association rather than a positive association between S1P and caspase-3. Furthermore, ceramide and S1P levels correlated positively (r=0.321; P<0.001), which may not support this theory although it does not exclude it.
Taken together, the present findings suggest that S1P levels may be associated with cellular apoptosis but does not contribute to it.
mRNA Expression of Sphingolipid Pathway Enzymes
As the synthesis and degradation of sphingolipids are tightly regulated by a broad spectrum of enzymes, RNA sequencing was performed to investigate whether an increase in plaque levels of sphingolipids and glycosphingolipids could be explained by differential expression of genes coding for enzymes involved in relevant pathways. In the current analysis, no significant differences in the expression of these enzymes were observed. This does not rule out the role of these enzymes in plaque progression, as enzyme activity or localization could also be involved and remain to be evaluated.
Study Limitations
The histological analysis of A-SMase performed in the present study is limited by the fact that the method does not allow SMase activity assessment. However, the additional in vitro experiments provide evidence that the analyzed lipids are important for plaque inflammation and the induction of cellular apoptosis. Furthermore, no differential expression of enzymes was observed, which may be a power issue because of the small number of plaques used for RNA sequencing.
Conclusions
In conclusion, this is the first study to demonstrate that glucosylceramide, lactosylceramide, ceramide, dihydroceramide, sphingomyelin, and S1P are increased in human atherosclerotic plaques associated with symptoms. The current analysis also provides evidence that ceramide, lactosylceramide, and particularly glucosylceramide are not only associated with plaque inflammation and vascular smooth muscle apoptosis but also contribute to it. Our findings suggest an important role for sphingolipids in vulnerable plaque formation and that inhibiting specific targets in sphingolipid formation may, therefore, be a potential therapeutic target. In addition, sphingolipids should be further evaluated as possible biomarkers of plaque vulnerability.
